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Themammalian target of rapamycin complex 1 (mTORC1)
regulates several biological processes, although the key
downstream mechanisms responsible for these effects
are poorly defined. Using mice with deletion of eukaryotic
translation initiation factor 4E-binding protein 2 (4E-BP2),
we determine that this downstream target is a major
regulator of glucose homeostasis and b-cell mass, pro-
liferation, and survival by increasing insulin receptor
substrate 2 (IRS2) levels and identify a novel feedback
mechanism by which mTORC1 signaling increases IRS2
levels. In this feedback loop, we show that 4E-BP2 de-
letion induces translation of the adaptor protein SH2B1
and promotes the formation of a complex with IRS2 and
Janus kinase 2, preventing IRS2 ubiquitination. The changes
in IRS2 levels result in increases in cell cycle progression,
cell survival, and b-cell mass by increasing Akt signaling
and reducing p27 levels. Importantly, 4E-BP2 deletion
confers resistance to cytokine treatment in vitro. Our
data identify SH2B1 as a major regulator of IRS2 stability,
demonstrate a novel feedback mechanism linking mTORC1
signaling with IRS2, and identify 4E-BP2 as a major reg-
ulator of proliferation and survival of b-cells.

Type 2 diabetes is characterized by insufficient b-cell ex-
pansion in conditions of obesity-induced insulin resistance.
Recent data suggest that the nutrient environment in
states of overnutrition and obesity could play a role in
the adaptation of b-cells to insulin resistance. How the nu-
trient environment modulates the b-cell response during

adaptation to diabetogenic conditions is not completely
understood.

Themammalian target of rapamycin complex 1 (mTORC1)
signaling pathway integrates signals from growth factors and
nutrients signals to regulate cell size and proliferation
(1–3). In b-cells, mTORC1 activity is increased during
conditions of insulin resistance (4). Modulation of mTORC1
function by genetic or pharmacologic manipulation high-
lights the role of this pathway in the regulation of b-cell
mass (4–9). Genetic models with activation of mTORC1 in
b-cells exhibit b-cell mass expansion caused by increases
in both proliferation and cell size (4–9). mTORC1 controls
growth (cell size) and proliferation (cell number) by mod-
ulating protein translation through phosphorylation of
4E-binding proteins (4E-BPs) and the ribosomal protein
S6 kinases (10–13). However, how mTORC1, acting upon
4E-BPs and S6K, modulates b-cell mass and function is
unclear.

The members of the 4E-BP family include three paralogs
(4E-BP1, -2, and -3) that have variable expression in different
tissues. Phosphorylation of 4E-BPs by mTORC1 prevents
the repression of eIF4E, resulting in augmented trans-
lation of highly cap-dependent mRNAs (14). Although the
three 4E-BPs have some degree of functional redundancy
(14,15), there also seems to be some tissue-specific differ-
ences (16). Most current knowledge about the role of these
proteins is based on experiments using 4E-BP1–deficient cells
or mice (14,17–19). Growth factors, amino acids, glucose,
and insulin induce phosphorylation of 4E-BP1 in islets and
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insulinoma cells, and deletion of the Eif4ebp1 gene increases
susceptibility to endoplasmic reticulum stress–mediated
apoptosis (20–23). Little is known about 4E-BP2, but
this protein is highly expressed in the brain and is required
for learning, memory, and autism (24,25). The importance
of the different 4E-BPs and the function of each in the
regulation of b-cell proliferation, size, survival, mass, and
function has not been clearly defined.

We previously explored the role of S6K in pancreatic
b-cells by transgenic overexpression of a constitutively
active isoform (26). These studies revealed that S6K acti-
vation recapitulates the cell size but not the proliferative
phenotype of models with activated mTORC1 signaling.
The current study describes the role of 4E-BP2 and the
interaction with S6K in b-cells using mice with global
genetic deletion of Eif4ebp2. We demonstrate that 4E-
BP2, and not 4E-BP1, plays a major role in the regulation
of b-cell mass. Mice deficient for 4E-BP2 exhibited in-
creased b-cell mass caused by enhanced proliferation
and survival. These beneficial effects of 4E-BP2 deletion
resulted from increased insulin receptor substrate 2 (IRS2)
levels in b-cells resulting from enhanced synthesis of
SH2B1, stabilization of a Janus kinase 2 (Jak2)/SH2B1/IRS2
complex, and enhanced Jak2 activity. This work provides
evidence for a novel feedback mechanism by which mTORC1
signaling regulates IRS2 levels, proliferation, and survival
in pancreatic b-cells.

RESEARCH DESIGN AND METHODS

Animals and Treatments
Mice with targeted deletion of Eif4ebp1 and Eif4ebp2 have
been previously described (14,27). Male mice on a C57BL/6J
background were used for these experiments. All procedures
were performed in accordance with the University Committee
on Use and Care of Animals at the University of Michigan.

Cell Culture
MIN6 cells were cultured in DMEM supplemented with
10% FBS, glutamine, and antibiotics. Stable MIN6 knock-
down cell lines were generated by infecting MIN6 cells
with lentiviral particles containing a short hairpin RNA
targeting 4ebp2 or control.

For protein stability studies, cells were harvested after
treatment with cycloheximide (CHX) (12.5 mg/mL; Sigma-
Aldrich) for various periods of time. The cells were lysed and
sonicated as described elsewhere (28). Cytokine treatment
was performed by treating islets with human interleukin-1b
(50U/mL), recombinant rat interferon-g (1,000U/mL), and
recombinant rat tumor necrosis factor-a (1,000U/mL).
These concentrations were based on the results of pre-
viously published studies (29).

Metabolic Studies
Blood glucose concentrations were determined using an
AlphaTrak glucose meter (Abbott Laboratories). Glucose
tolerance tests were performed on animals fasted over-
night by intraperitoneally injecting glucose (2 mg/kg), as
previously described (30,31). Plasma insulin concentrations

were determined using a Mouse Insulin ELISA kit (ALPCO).
For an insulin tolerance test, animals fasted for 6 h received
an intraperitoneal injection of either saline or human insulin
(0.5 units/kg; Novolin; Novo Nordisk). Fasting glucose and
insulin were measured after an overnight fast.

Islets Studies
Islets were isolated by collagenase digestion and insulin
secretion, as previously described (32). Secreted insulin was
then measured using an ELISA and normalized to DNA
content.

Islets were perifused using batches of 20 islets per 70-mL
chamber. The flow rate was 1.0 mL/min. From time 0 to
60 min, the islets were perifused under basal conditions
(Krebs-Ringer bicarbonate buffer and 2.8 mmol/L glucose).
At 62 min, islets were exposed to Krebs-Ringer bicarbonate
buffer, 2.8 mmol/L glucose, and KCl (30 mmol/L) for 20 min.

A group of 10 islets were lysed and the samples were
sonicated for 15 s. Aliquots were then frozen for the
subsequent analysis of insulin content.

AG490 (a Jak2 inhibitor) and 4E1RCat (inhibitor of a cap-
dependent translation) were purchased from Calbiochem.

Immunofluorescence and Morphometry
Formalin-fixed pancreatic tissues were embedded and sec-
tioned as previously described (28). Sections were incubated
overnight at 4°C with the primary antibodies described in
Supplementary Table 1, followed by fluorophore-conjugated
secondary antibodies (Jackson ImmunoResearch Laborato-
ries). Mounting media containing DAPI (Vector Laborato-
ries) was added to coverslips. b-Cell mass assessment,
proliferation, and TUNEL assay (ApopTag Red In Situ
Apoptosis Detection Kit; Chemicon) were performed as
previously described (28).

Western Blotting and Immunoprecipitation
Lysed islets in lysis buffer containing a protease inhibitor
cocktail (Roche Diagnostics) were boiled for 5 min and
then loaded and electrophoresed on 10–12% SDS-PAGE.
Antibodies used for immunoblotting are listed in Supple-
mentary Table 1. Protein-band densitometry was deter-
mined using National Institutes of Health ImageJ software
version 1.49d (33) (freely available at https://imagej.nih.gov/
ij/) and normalized to tubulin/actin in the same membrane.
Immunoprecipitation experiments were carried out using
300 mg of total protein for each sample, with 2 mg of IRS2
antibody and 50 mL of protein A agarose beads (Sigma-
Aldrich). All immunoblotting images were developed
using an Immun-Star Chemiluminescent Kit (Bio-Rad
Laboratories). For pulse experiments, cells were pulse-
labeled with [35S]-methionine for 2 h followed by immu-
noprecipitation with IRS2 or SH2B1 antibodies.

Quantitative Real-Time PCR
Total RNA was isolated using RNeasy (Qiagen). cDNA was
synthesized using random hexamers and was reverse
transcribed using Superscript II (Invitrogen), according
to the manufacturer’s protocol. Real-time PCR was per-
formed on an ABI 7000 sequence detection system using
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Taq-man gene expression assays (Applied Biosystems).
Primers were purchased from Applied Biosystems.

Polyribosomal Profiling and Gradient Fraction
Quantitative PCR
Polyribosomal profiles from sh4ebp2 and control cells
were analyzed using a sucrose gradient, as described pre-
viously (34). Briefly, 5 3 106 MIN6 cells washed in cold
PBS containing CHX followed by harvesting on lysis
buffer; the remainder of the lysate was then subjected
to separation on a 10% to 40% sucrose gradient contain-
ing CHX for 2 h at 270,000g. A piston gradient fraction-
ator (BioComp Instruments) was used to fractionate the
sample and measure RNAA254 with an in-line ultraviolet
monitor. Gradients were collected in ten 1-mL fractions.
Fractions 1–5 were combined as the monoribosome-
associated mRNA pool, and fractions 6–10 were combined
as the polyribosome-associated RNA pool. Total RNA was
isolated from the fractions and subjected to reversed tran-
scription and quantitative RT-PCR.

Adenoviral Infection
MIN6 cells were infected with SH2B1b or control adeno-
virus expressing b-galactosidase gene (b-gal) (3.8 3 1010

viral particles in 4 mL growth medium per plate) for 4 h.
A cell extract was prepared and used for immunoblotting
analysis.

Data Analysis
Data were analyzed using the Student t test or ANOVA
followed by post hoc analysis, where appropriate. In some
experiments, a Student paired t test was used. Results
were considered statistically significant when the P value
was less than 0.05.

RESULTS

4E-BP2–Deficient Mice Exhibit Improved Glucose
Tolerance by Enhanced b-Cell Mass
To begin to elucidate the role of 4E-BPs in b-cells, we first
determined the expression levels of 4E-BP1 and 4E-BP2 in
islet lysates from wild-type, Eif4ebp12/2, and Eif4ebp22/2

mice. Both are expressed in islets, and deletion of either
does not result in a compensatory increase in the level of
the other protein (Fig. 1A). Body weight of Eif4ebp12/2

and Eif4ebp22/2 mice was comparable to that of wild-type
controls (Supplementary Fig. 1A). As previously described,
examination of glucose homeostasis in Eif4ebp12/2 dem-
onstrated improved glucose clearance (Supplementary Fig.
1B–G), and this phenotype resulted from enhanced insulin
sensitivity (14). Examination of glucose tolerance at 3 and
12 months of age in Eif4ebp22/2 mice revealed improved
glucose clearance at 30, 60, and 120 min after glucose
injection (Fig. 1B and C). In contrast to Eif4ebp12/2 mice
(14), no alterations in insulin sensitivity were observed in
Eif4ebp22/2 mice at 3 months old (Fig. 1D). Glucose-
stimulated insulin secretion showed that Eif4ebp22/2

mice exhibited enhanced insulin concentrations in re-
sponse to glucose at 2 min (Fig. 1E). These experiments
suggest that, in contrast to Eif4ebp12/2 mice, 4E-BP2

deletion results in improved glucose tolerance as a result
of increased insulin secretion rather than changes in in-
sulin sensitivity.

To begin to elucidate the changes in insulin secretory
responses observed in vivo, we statically incubated isolated
islets, causing glucose-stimulated insulin secretion. Insulin
secretion in response to glucose was comparable between
Eif4ebp22/2 and wild-type islets (Fig. 1F), and maximum islet
secretory responses to KCl in a perifusion system demon-
strated no differences between Eif4ebp22/2 and wild-type
islets (Fig. 1G). The normal secretory responses suggested
that the increased glucose-stimulated insulin secretion ob-
served in vivo was most likely a result of changes in b-cell
mass. Indeed, assessment of islet morphology showed that
Eif4ebp22/2 mice exhibited increased b-cell mass at 3 and
12 months of age (Fig. 2A and D and Supplementary Fig. 2G).
b-Cell proliferation was increased and b-cell apoptosis, mea-
sured using a TUNEL assay, was decreased in Eif4ebp22/2

mice compared with wild-type mice at 3 and 12 months of
age (Fig. 2B, C, E, and F). The average size of the b-cells was
not different between the groups at 3 or 12 months of age
(data not shown). Compared with Eif4ebp22/2 mice, islet
morphometry was completely normal in Eif4ebp12/2 mice
(Supplementary Fig. 2A–F). Assessment of proliferation
by Ki67 staining in glucagon- and somatostatin-positive cells
from Eif4ebp12/2, Eif4ebp22/2, and control mice showed
no differences at 3 months of age (Supplementary Fig.
2H). Taken together, these results suggest that improved
glucose homeostasis in Eif4ebp22/2 mice is caused by in-
creases in b-cell mass, proliferation, and survival. By con-
trast, improved glucose control in Eif4ebp12/2 mice results
from enhanced insulin sensitivity.

Increased b-Cell Proliferation in Eif4ebp22/2 Mice Is
Associated With Reduced Levels and Stability of p27
To determine how loss of 4E-BP2 induces proliferation in
b-cells, we assessed cell cycle components responsible for
progression from G1 to S. Protein levels for cyclins D1,
D2, and D3, as well as Cdk2 and Cdk4, were similar in
islets from Eif4ebp22/2 and wild-type mice (Fig. 3A). As-
sessment demonstrated no differences in cell cycle inhibi-
tors, including p21, p19, and p18 (Fig. 3B). By contrast,
levels of p27, an important inhibitor of b-cell prolifera-
tion, were lower in Eif4ebp22/2 mice (Fig. 3C). In addi-
tion, p27 immunostaining revealed that the number of
b-cells with nuclear p27 was decreased in Eif4ebp22/2

mice (Fig. 3D). To investigate the mechanisms for the re-
duction of p27 levels by loss of 4E-BP2, we silenced 4E-BP2
in MIN6 cells (4E-BP2kd). In agreement with the results
from Eif4ebp22/2 islets, 4E-BP2kd cells also showed de-
creased p27 levels (Fig. 3E). Evaluation of p27 mRNA levels
revealed similar p27 expression between 4E-BP2kd and
control cells, suggesting that the alterations were post-
transcriptional (data not shown). Assessment of protein
stability using CHX showed that the stability of p27 was
decreased in 4E-BP2kd cells (Fig. 3F). These studies in-
dicate that a loss of 4E-BP2 function induces b-cell
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proliferation, at least in part, by decreasing p27 stability
in 4E-BP2kd cells.

b-Cells From Eif4ebp22/2 Mice Exhibit Increased IRS2,
but Not IRS1, Protein Levels
To determine the molecular mechanisms responsible for
the increased b-cell mass, proliferation, and survival in
Eif4ebp22/2 mice, we assessed signaling pathways involved
in growth responses. Evaluation of proximal growth factor
signaling components demonstrated that IRS2, but not
IRS1, levels were increased in b-cells from Eif4ebp22/2

mice (Fig. 4A). Next, we assessed pathways downstream
of IRS2 and observed increased phosphorylation of
the mitogen-activated protein kinase Erk1/2 (Thr202/
Tyr204) and its downstream targets, S6 (Ser235) and CREB
(Ser133), in islets from Eif4ebp22/2 mice. In addition, AKT
showed increased phosphorylation at Ser473, but not
Thr308. The changes in AKT phosphorylation were accom-
panied by phosphorylation of the mTORC1 targets, S6 ki-
nase and S6 protein (Ser240) in islets from Eif4ebp22/2

mice (Fig. 4A). The increase in IRS2 levels was not observed
in islets from Eif4ebp12/2 mice (Fig. 4B). To determine
whether the increase in IRS2 protein resulted from enhanced

transcription of Irs2 mRNA, we performed quantitative
RT-PCR on isolated islets. Expression of Irs2 and Irs1 were
not different between Eif4ebp22/2 and wild-type mice (Fig.
4C), indicating that the changes in IRS2 levels are posttran-
scriptional at the level of protein synthesis or stability.

Loss of 4E-BP2 Function Induces IRS2 Levels by
Augmenting Protein Stability
We next determined the mechanisms by which loss of
4E-BP2 regulates IRS2 levels. To this end, we assessed
the contribution of protein synthesis and/or stability
to the regulation of IRS2 levels by loss of 4E-BP2 using
metabolic labeling and CHX experiments in 4E-BP2kd
cells. In agreement with the results from Eif4ebp22/2

islets, 4E-BP2kd cells also showed increased IRS2, but not
IRS1, protein levels (Fig. 5A). 4E-BP2kd and control cells
given a pulse of radioactive methionine had similar levels
of radiolabeled IRS2, demonstrating that IRS2 synthesis
was unaltered (Fig. 5B). Moreover, assessment of IRS2
phosphorylation by a decreased electrophoretic mobility
of IRS2 protein immunoblot analysis was performed on
an 8% polyacrylamide gel analysis as described elsewhere
(35). Treatment with alkaline phosphatase demonstrated

Figure 1—Eif4ebp2-deficient mice exhibit improved glucose tolerance and b-cell mass expansion. A: Western blotting for 4E-BP1 and 4E-
BP2 in wild-type (WT), Eif4ebp12/2, and Eif4ebp22/2 mice. B and C: Glucose tolerance test (2 g/kg) in wild-type (black circles) and
Eif4ebp22/2 mice (gray squares) at 3 and 12 months of age. D: Insulin tolerance test in wild-type and Eif4ebp22/2 mice. Mice were fasted
for 6 h before insulin tolerance tests. E: Glucose-stimulated insulin secretion in the wild-type and Eif4ebp22/2 mice. F: Glucose-stimulated
insulin secretion determined by static incubation of isolated islets. G: Glucose-induced insulin secretion from isolated islets was measured
in perifusion experiments at 2 mmol/L (basal) or with stimulation of KCl (30 mmol/L). The perfusate was collected at 3-min intervals, and
insulin concentrations were determined using ELISA. Data are shown as mean 6 SEM (n = 7 mice per group). *P < 0.05.
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that IRS2 was phosphorylated in 4E-BP2kd and control
cells. We observed increased IRS2 levels in 4E-BP2kd cells,
but no upward mobility shift in IRS2 protein migration
between MIN6 or 4E-BP2kd cells was detected, suggesting
that there were no alterations in IRS2 phosphorylation in
4E-BP2kd cells (Supplementary Fig. 3A). 4E-BP2kd and
control cells were treated with CHX to determine whether
the stability of IRS2 is altered by 4E-BP2 deficiency (Fig.
5C). In control cells, IRS2 levels were reduced by 50% after
8 h of CHX treatment (Fig. 5C). By contrast, IRS2 levels
were maintained during the 8-h treatment with CHX in
4E-BP2kd cells (Fig. 5C). More important, IRS2 stability
was also enhanced in islets from Eif4ebp22/2 mice when
compared with islets from controls, confirming the re-
sults obtained in cell lines (Fig. 5D). Previous studies
have shown that proinflammatory cytokines promote
IRS1 and IRS2 ubiquitination and subsequent degrada-
tion in multiple cell types, providing a good model to study
IRS2 stability (36). Therefore, we studied the responses to

proinflammatory cytokines to assess the mechanisms re-
sponsible for enhanced IRS2 stability after loss of 4E-BP2.
For these experiments, we examined the ubiquitinated
IRS2 in lysates from MIN6 cells and 4E-BP2kd cells treated
with a cocktail of proinflammatory cytokines (interferon-g,
tumor necrosis factor-a, interleukin-1b) for 24 h. As
expected, treatment of MIN6 cells with proinflamma-
tory cytokines resulted in marked ubiquitination and deg-
radation of IRS2 levels (Fig. 5E). By contrast, treatment
with cytokines failed to induce IRS2 ubiquitination, and
levels were maintained in 4E-BP2kd cells (Fig. 5E). These
experiments suggest that loss of 4E-BP2 enhances IRS2
stability by inhibiting ubiquitin-mediated degradation af-
ter cytokine treatment.

SH2B1 Synthesis and Jak2 Activity Regulate IRS2
Levels in b-Cells With Loss of 4E-BP2
The responses to cytokines suggest that the differences in
ubiquitin-dependent degradation of IRS2 could be mediated

Figure 2—Eif4ebp2-deficient mice exhibit increased b-cell mass. A and D: Assessment of b-cell mass at 3 and 12 months of age in wild-
type (WT; white bars) and Eif4ebp22/2 (black bars) mice. B and E: Proliferative index in sections stained for Ki67 and insulin. C and F:
TUNEL assay in insulin-stained sections (apoptotic rate). Data are shown as mean 6 SEM (n = 5 mice per group). *P < 0.05.
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by activation of Jak2 signaling. The adaptor protein
SH2B1 binds and recruits IRS2 not only to growth factor
receptors but also to cytokine receptors, forming a
complex to enhance Jak2 activity (37). We hypothesized
that the increased IRS2 stability resulted from the binding
of IRS2 to SH2B1 and recruitment to form a complex with
Jak2. To explore this possibility, we first assessed levels
of different components of the complex. Basal Jak2 and

SH2B1 levels were higher in the 4E-BP2kd cells and in
islets from Eif4ebp22/2 mice when compared with con-
trols (Fig. 6A), but not in islets from Eif4ebp12/2 mice
(Fig. 6B). Immunoprecipitation of SH2B1 in 4E-BP2kd
and control cells showed that this adaptor forms a com-
plex with IRS2 and Jak2 in 4E-BP2kd cells but is only
bound to IRS2 in MIN6 cells without 4E-BP2 (Fig. 6C).
The formation of the Jak2/SH2B1/IRS2 complex resulted

Figure 3—Decreased level and stability of p27 is related to increased proliferation in Eif4ebp2-deficient mice. A: Assessment of cell cycle
components. Immunoblotting for Cdk4, Cdk2, and cyclins D1, D2, and D3 using islet lysates from wild-type (WT) and Eif4ebp22/2 mice.
N.S., not significant. B: Assessment of cell cycle inhibitors. Immunoblotting for p21, p19, and p18 using islet lysates from WT and
Eif4ebp22/2 mice. N.S., not significant. C: Immunoblotting and densitometric analysis for p27 in islets lysate from WT and Eif4ebp22/2

mice. D: Quantification (left) and staining (right) of nuclear p27 in b-cells from WT and Eif4ebp22/2 mice. E: Immunoblotting (left) and
densitometric analysis (right) for p27 in 4E-BP2kd and control cells. F: p27 protein stability assessed by immunoblotting (left) and
quantification of p27 and tubulin in 4E-BP2kd and control cells cultured with 12.5 mg/mL CHX for 0, 2, 6, and 8 h (right). (Samples
were run in the same gel but, for consistency, appear spliced at the time points in Fig. 7A). Data are shown as mean 6 SEM (n =
4 mice per group). *P < 0.05.
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in activation of Stat3 (Ser705) (Fig. 6D). Because SH2B1
is the adaptor protein that recruits IRS2 to the complex,
we postulated that increased levels of this adaptor could
provide a link between 4E-BP2/eIF4E and increased IRS2
levels. Assessment of Sh2b1 at the mRNA levels demon-
strated that Sh2b1 transcription was not different be-
tween MIN6 and 4E-BP2kd cells (Fig. 6E), suggesting
that the changes in SH2B1 were posttranscriptional at
the level of protein synthesis or stability. 4E-BP2 dele-
tion releases eIF4E and favors the interaction with
eIF4G, resulting in enhanced cap-dependent translation
of a subset of mRNAs with highly structured 59 untrans-
lated region (UTR) (38). mRNAs with a complex second-
ary structure in the 59 UTR are characterized by high
guanine cytosine content and thermodynamically stable
structures (low DG) (39). Indeed, the SH2B1 59 UTR is
richer in guanine cytosine (67.9%) than average (actin)
and exhibits a lower free energy (DG: 2281.50 kcal/mol),
indicating that this 59 UTR contains complex secondary
structures and could be favorably translated by eIF4E
(40) (Supplementary Fig. 4A). To assess whether SH2B1
is favorably translated in the absence of 4E-BP2, we per-
formed polysomal fractionation and determined sh2b1
mRNA levels in polyribosomal fractions from 4E-BP2
knockdown and control MIN6 cells. The polyribosome
profile showed a shift from the monosome to the

polysome fraction in 4E-BP2kd cells (data not shown),
and sh2b1 mRNA levels were significantly increased in the
polyribosomal fractions from 4E-BP2kd cells, indicating
that a decrease in 4E-BP2 levels enhances sh2b1 trans-
lation (Fig. 6F). 4E-BP2kd cells exhibited higher levels of
radiolabeled SH2B1 following a pulse of radioactive me-
thionine, demonstrating that SH2B1 synthesis was en-
hanced (Fig. 6G). In addition, adenoviral overexpression
of SH2B1 in MIN6 cells and islets seemed to be sufficient
to increase IRS2 protein stability but not Jak2 levels
(Fig. 6H).

Jak2 Activity Regulates IRS2 Stability in Cells With
Loss of 4E-BP2
We then tested the contribution of Jak2 activity to the
regulation of IRS2 levels by assessing IRS2 stability in the
presence of a Jak2 inhibitor. Inhibition of Jak2 activity by
AG490 treatment induced IRS2 ubiquitination in 4E-
BP2kd cells treated with proinflammatory cytokines or
the vehicle, suggesting that Jak2 activity plays an im-
portant role in regulating IRS2 ubiquitination (Supple-
mentary Fig. 5A). We then assessed the effect of Jak2
inhibition on IRS2 stability in 4E-BP2kd and Eif4ebp22/2

islets. IRS2 levels in MIN6 cells treated with AG490 de-
creased by 50% in the first 8 h, which was similar to that
observed in cells that were not treated with the Jak2

Figure 4—IRS2 levels are increased and downstream pathways are activated in Eif4ebp2-deficient islets. A: Immunoblotting (left) and
quantification (right) of IRS2, IRS1, phospho-Erk, phospho-Creb, phospho-Akt, and mTORC1 targets (pS6k and pS6) using islet lysates
from wild-type (WT; white bars) and Eif4ebp22/2 (black bars) mice. B: Immunoblotting for IRS2 and tubulin using islet lysates from WT,
Eif4ebp12/2, and Eif4ebp22/2 mice. C: Assessment of 4ebp2, Irs2, and Irs1 mRNA levels in islets lysates from WT and Eif4ebp22/2 mice
using TaqMan RT-PCR. Data are shown as mean 6 SEM (n = 4 mice per group). *P < 0.05.
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inhibitor (Fig. 7A vs. Fig. 5C). By contrast, the IRS2 sta-
bility observed in 4E-BP2kd cells was completely lost upon
Jak2 inhibition (Fig. 7A vs. Fig. 5C). More important, in-
hibition of Jak2 signaling decreased IRS2 in Eif4ebp22/2

islets to a level similar to that observed in controls (Fig.

7B). In addition, silencing of IRS2 in dispersed islets from
Eif4ebp22/2 mice was sufficient to enhance cytokine-
induced apoptosis by 50% (Fig. 7C). Taken together, these
results demonstrate that increased levels of SH2B1 and
the activation of the Jak2 pathway are responsible for the

Figure 5—IRS2 stability in Eif4ebp2-deficient islets and 4E-BP2 knockdown cells. A: Immunoblotting for IRS2 and IRS1 in 4E-BP2kd and
control cells. B: Pulse-chased cells with IRS2 antibody immunoblotting (left) and quantification (right). C: IRS2 protein stability assessed by
immunoblotting (left) and quantification (right) for IRS2 and tubulin in 4E-BP2kd (gray squares) and control cells (black circles) cultured with
12.5 mg/mL CHX for 0, 2, 4, 6, and 8 h. D: IRS2 protein stability assessed by immunoblotting for IRS2 and tubulin in Eif4ebp22/2 and wild-
type (WT) islets cultured with 12.5 mg/mL CHX for 0 and 8 h (samples were run in the same gel but appear spliced to show WT data to the
left of Eif4ebp22/2). E: Immunoprecipitation (IP) and quantification for IRS2 in MIN6 and 4E-BP2kd cells and Western blotting (WB) for
ubiquitin in cells treated with cytokines or not treated. Data are shown as mean 6 SEM (n = 4 mice per group). *P < 0.05.
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Figure 6—Stability of IRS2 depends of Jak2 activation. A: Immunoblotting for IRS2, Jak2, and SH2B1 in MIN6 cells, 4E-BP2kd cells, and wild-
type (WT) and Eif4ebp22/2 islets, and quantification of Jak2 and SH2B1. B: Immunoblotting for SH2B1 in isolated islets from wild-type and
Eif4ebp12/2 mice. C: Immunoprecipitation (IP) for SHB1 and Western blotting for IRS2, Jak2, and SH2B1 (samples were run in the same gel
but appear spliced to exclude data on AG490 + CHX treatment shown in Fig. 7B). D: Immunoblotting (top) and quantification (bottom) for Stat3
phosphorylated at Tyr705, total Stat3, and tubulin in cells and islets. E: Assessment of sh2b1 mRNA levels in MIN6 and 4E-BP2kd cell lysates
using TaqMan RT-PCR. F: Assessment of sh2b1 mRNA levels in polyribosomal fractions from MIN6 and 4E-BP2kd cells. G: Pulse-chased
cells with SH2B1 antibody immunoblotting (top) and quantification (bottom). H: Immunoblotting (top) and quantification (bottom) for IRS2,
Jak2, SH2B1, phospho-STAT3, and tubulin in MIN6 or WT islets infected with SH2B1 or control adenovirus (Ad.) expressing b-gal. Data are
shown as mean 6 SEM (n = 4 mice per group). *P < 0.05.
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increased stability of IRS2 and survival in cells with loss
of 4E-BP2.

4E-BP2 Regulates SH2B1/IRS2 Levels in Human Islets
To demonstrate the role of SH2B1 in the stability of IRS2 in
human islets, we overexpressed SH2B1 by adenoviral in-
fection of human islets. IRS2 levels and Jak2 signaling,
measured by phosphorylation of Stat3, were increased in
human islets overexpressing SH2B1 (Fig. 8A). To assess the
effect of the mTORC1/4E-BP axis on SH2B1 levels using
pharmacologic inhibitors, we used 4ER1Cat (inhibitor of
cap-dependent translation) and rapamycin (mTORC1

inhibitor). Human islets treated for 24 h with 4ER1Cat,
a cap-dependent translation inhibitor that prevents
eIF4E–eIF4G interaction, showed a decrease in SH2B1 pro-
tein levels, suggesting that SH2B1 levels are regulated by cap-
dependent translation (Fig. 8B). We then assessed the
effect of short-term inhibition of mTORC1, the upstream
regulator of 4E-BP signaling, by rapamycin treatment of
human islets. Rapamycin treatment for 48 h was sufficient
to decrease SH2B1 levels (Fig. 8C). Taken together, these
data demonstrate that the inhibition of mTORC1/4E-BP2
decreased SH2B1 levels and could be detrimental to the
proliferation and survival of b-cells.

Figure 7—Stability of IRS2 depends on Jak2 activation. A: IRS2 protein stability assessed by immunoblotting (left) and quantification (right)
for IRS2 and tubulin in 4E-BP2kd (gray line) and control cells (black line) cultured with 12.5 mg/mL CHX and AG490 for 0, 2, 6, and 8 h. B:
IRS2 protein stability assessed by immunoblotting (left) and quantification (right) for IRS2 and tubulin in Eif4ebp22/2 and wild-type (WT)
islets cultured with 12.5 mg/mL CHX and AG490 for 0 and 8 h (samples were run in the same gel but appear spliced to show WT data to the
left of Eif4ebp22/2). C: Immunoblotting for IRS2 and tubulin in dispersed islets from Eif4ebp22/2 (control or with IRS2 silenced) (left).
Apoptotic rate (middle) and images (right) in Eif4ebp22/2 dispersed cells (control or with IRS2 silenced) treated with cytokines for 24 h. Data
are shown as mean 6 SEM (n = 4 mice per group). *P < 0.05. a.u., arbitrary units.
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Figure 8—Increased SH2B1 stabilizes IRS2 and inhibition of eIF4E reduces SH2B1 levels in human islets. A: Immunoblotting (top) and
quantification (bottom) for IRS2, SH2B1, phospho-STAT3 (pSTAT3), and actin in human islets infected with SH2B1 or control adenovirus
(Ad.) expressing b-gal. B: Immunoblotting (top) and quantification (bottom) for SH2B1 and actin in human islets treated with or without
4ER1Cat for 24 h. C: Immunoblotting (left) and quantification (right) for SH2B1 and actin in human islets treated with or without rapamycin
for 24 h. D: Schematics showing the Akt/TSC2/mTORC1/4E-BP2/IRS2 axis in control cells (left) and cells deficient in 4E-BP2 (right). Data
are shown as mean 6 SEM (n = 4 mice per group). *P < 0.05.
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DISCUSSION

This study describes the contribution of 4E-BPs to the
regulation of b-cell mass, growth, and proliferation. We iden-
tify a novel role of 4E-BP2/eIF4E in the modulation of glucose
homeostasis by regulating b-cell mass. In addition, we de-
termine that 4E-BP2/eIF4E regulates b-cell proliferation and
survival by a novel positive feedback mechanism to increase
IRS2 stability and levels (Fig. 8D). This novel mechanism
results from upregulation of the adaptor protein SH2B1
and activation of Jak2 signaling (Fig. 8D). These studies
provide the first evidence for a unique regulatory pathway
downstream of mTORC1 that is responsible for b-cell pro-
liferation and survival; they also demonstrate a link between
translational control and insulin sensitivity in b-cells.

Our previous work showed that activation of mTORC1
signaling in mice with conditional deletion of TSC2 results in
b-cell mass expansion caused by increases in both prolifera-
tion and cell size (6). This work demonstrates that the 4E-
BP2/eIF4E axis relates proliferative and survival signals
downstream of mTORC1. Assessment of the signaling mech-
anisms in islets from Eif4ebp22/2 mice demonstrated that
the b-cell phenotype in these mice resulted from increased
levels of IRS2, a critical molecule for b-cells (41). The activa-
tion of IRS2/Akt signaling ultimately results in b-cell cycle
progression by reduction in the levels and nuclear localization
of p27 (Fig. 8D). The role of the IRS2/p27 axis in the mod-
ulation of b-cell cycle progression has been well-established
previously (42). The elevated levels of IRS2 and reduction in
p27 observed in Eif4ebp22/2 mice and 4E-BP2kd cells are in
marked contrast to the changes observed in transgenic mice
overexpressing constitutively active S6K and suggest that
overactivation of S6K signaling and a loss of 4E-BP2 con-
verge to regulate IRS2 and p27 levels, thereby modulating
b-cell mass expansion. In addition, deletion of 4E-BP2 reca-
pitulates the b-cell proliferation and expansion observed in
mice with conditional deletion of TSC2 in b-cells (6).

These studies demonstrate that the positive impact of
the loss of 4E-BP2 in b-cell proliferation is mediated, to a
great extent, by the induction of IRS2 levels. Examination
of mRNA suggested that the elevation in IRS2 levels after
the loss of 4E-BP2 was posttranscriptional. Given the
major role of 4E-BP2 in the regulation of translation of
specific mRNAs, we reasoned that IRS2 protein synthesis
was enhanced. However, we found that a loss of 4E-BP2
increased IRS2 levels by enhancing stability rather than
synthesis. These findings are consistent with a model in
which increased synthesis of the adaptor protein SH2B1
plays a central role in the regulation of IRS2 ubiquitination,
stability, and levels in cells with a loss of 4E-BP2 by forming
a complex with IRS2 and Jak2 and activating Jak2 signaling
(Figs. 6C and 8D) under basal conditions (Figs. 5E and 8D)
or after cytokine treatment (Fig. 5E and Supplementary
Fig. 5A). The importance of the SH2B1/Jak2/IRS2 complex
in Jak2 activation has also been reported in fibroblasts
(43,44). SH2B family members couple upstream activa-
tors of multiple receptor tyrosine kinases to downstream

effectors by forming multiprotein complexes with different
partners; they enhance the catalytic activity of its bound
enzymes. How SH2B members bind other partners to
regulate signaling is not completely understood, but there
is evidence that this process could be regulated by phos-
phorylation in a stimulus-specific manner (reviewed in
refs. 45 and 46). Our studies showed that an increase in
SH2B levels seemed to be sufficient to drive the formation
of the Jak2/SH2B1/IRS2 complex and basal Jak2 activity.
The importance of SH2B1 in b-cells has been demon-
strated by the inhibition of compensatory b-cell expansion
in mice with pancreas-specific deletion of SH2B1 (47). Finally,
this work demonstrates that the mTORC1/4E-BP2/SH2B
axis seems to exist in human islets and suggests that this
mechanism could regulate IRS2 levels in human b-cells.

These experiments demonstrate that a loss of 4E-BP2, but
not 4E-BP1, plays a major role in the regulation of b-cell
mass by driving cell cycle progression and survival. One po-
tential limitation of these studies is the use of global knock-
outs and the potential of systemic effects on the regulation
of IRS2. Although possible, this is less likely as Eif4ebp22/2

mice exhibited normal insulin sensitivity and the findings
related to IRS2 levels and proliferation in islets were vali-
dated in ex vivo experiments using isolated islets and MIN6
cells (data on not shown for MIN6 proliferation). Transplant-
ing islets from wild-type into Eif4ebp22/2 mice could assess
this possibility. The role of 4E-BP2 loss on proliferation and
survival is in marked contrast to the deleterious role of the
loss of 4E-BP1 in the response to endoplasmic reticulum
stress (48). Our results also confirm that there are major
differences between 4E-BP1– and 4E-BP2–deficient mice with
regard to the regulation of insulin sensitivity and suggest that
improvement in glucose homeostasis in Eif4ebp12/2 mice is
mainly modulated at the insulin sensitivity level (14). This,
combined with normal b-cell mass in these mice, led us to
conclude that loss of 4E-BP1 has a minor effect on b-cells.
These major differences between these two translational reg-
ulators are intriguing, as the cellular functions of 4E-BP1 and
4E-BP2 were believed to be redundant. It is possible that
different expressions of 4E-BP1 and 4E-BP2 in tissue explain
these differences. However, recent data demonstrate a major
role of 4E-BP2 in the nervous system, not only regulating
learning and memory but also clinical implications in autism
(49). Our results suggest that, in the b-cell, enhanced SH2B1
synthesis is one distinction between translational responses
regulated by 4E-BP2 versus 4E-BP1.

In summary, these studies indicate a novel mechanism
about the pathways responsible for b-cell mass and function
induced by signals downstream of mTORC1. These studies
suggest that mTORC1 regulates b-cell mass by regulating
two processes: cell growth and function by activating
mTORC1/S6K1, and cell cycle progression by activating
mTORC1/4E-BP2. In addition, this study revealed a second
feedback loop downstream of mTORC1 signaling and sug-
gests that both S6K and 4E-BP2 converge on IRS2 and p27
to regulate b-cell expansion. These findings provide a bet-
ter understanding of how nutrients and growth factors
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regulate b-cell mass expansion and the critical compo-
nents involved, an important step for designing novel
strategies for the treatment and cure of diabetes.
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